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SUMMARY: Molecular clouds have a hierarchical structure from few tens of
parsecs for giants to few tenth of a parsec for proto-stellar cores. Nowadays, our
observational techniques are so advanced that it has become possible to detect the
small-scale substructures inside the molecular cores. The question that arises is
how these small condensations are formed. In the present research, we study the
e®ect of ambipolar di®usion heating on the ubiquitous perturbations in a molecular
cloud and investigate the possibility of converting them to dense substructures. For
this purpose, a small azimuthal perturbation is implemented on the density of an
axisymmetric two-dimensional cylindrical cloud, and its evolution is simulated by
the technique of two-°uid smoothed particle hydrodynamics. The self-gravity is not
included and the initial state has uniform density, temperature and magnetic ¯eld,
parallel to the axis of cylinder. In addition, all perturbed quantities are assumed
to depend only on azimuth angle and time. Computer experiments show that if
the ambipolar di®usion heating is ignored, the perturbation will be dispersed over
the time. Including the heating due to ambipolar di®usion heats the matter in
regions adjacent to the perturbation, thus, leading to the transfer of matter into
the perturbed area. In this case, the density of perturbations can be increased.
Also, the results of simulations show that an increase of the initial magnetic pres-
sure leads to the intensi¯cation of di®erence between density of perturbations and
their surroundings (i.e. increasing of density contrast). This e®ect is due to the
direct relationship of the drift velocity to the intensity of the magnetic ¯eld and its
gradient. Simulations with di®erent initial uniform densities show that the growth
of relative density contrast is more clear with a special density. This result can be
explained by the intensi¯cation of thermal instability in this special density.
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1. INTRODUCTION
All molecular clouds are observed as fuzzy
patches with hierarchical substructures. The small-
est features are named dense cores, which are to
be expected as simplest star-forming sites (Andr¶ e
et al. 2008). Our observational techniques are
nowadays so advanced that our domain of infor-
mation is extended into these molecular cores (e.g.
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Tafalla 2008). Although, dimensions of the cores are
so small that we cannot directly observe inside them
with telescopes, a lot of information on their small-
scale substructures has been obtained via indirect
methods. For exammple, Peng et al. (1998) investi-
gated the substructures in a core of Taurus molecular
cloud (TMC-1), and found entities with scales of a
few hundredths of a parsec inside them. Shinnaga et
al. (2004) made a synthesis imaging to reveal clumpy
substructures inside starless cores of Taurus molec-
ular cloud L1521F. Recent observations of Pirogov
and Zinchenko (2008), of line pro¯les of HCN(1-0)
and CS(2-1), emanated from dense cores of M17-
SW and Orion A, show that there are few hundred
thousand dense points in each core with scale of few
tenth of a parsec. Also, we can quote the observa-
tions of Heithausen et al. (2008) who used compara-
tive data analysis of molecular lines and dust contin-
uum at 1.2 mm, to reveal the few thousand AU-scale
substructures in the embedded proto-stellar core at
MCLD123.5+24.9. In any case, nowadays, there is
no doubt that the small-scale substructures exist in-
side molecular cores. Thus, it is a challenging task to
present a suitable theoretical model for the formation
of these substructures.
Observations have shown that molecular
clouds are generally turbulent (e.g. Elmegreen and
Scalo 2004), thus, the ¯rst idea that may be anal-
ysed in terms of the formation of substructures is
the e®ect of turbulence. Can turbulence be consid-
ered as an important agent in the formation of small-
scale substructures in the molecular cores? Although
molecular clouds are generally turbulent, the analy-
sis of the data from the interior of dense cores show
that they are not exactly turbulent, since they are
characterized by subsonic infall motions (e.g. Lee et
al. 2004) and small velocity gradient (e.g. Caselli
et al. 2002). Also, turbulence must be continually
pumped by some external energy source to prevent
rapid decay. The nature of that source is unknown.
Thus, we cannot consider the turbulence as the only
agent for the formation of the small-scale substruc-
tures in all molecular cores. As another possibility,
Van Loo et al. (2007) implemented a two-dimensional
simulation with the idea that the mechanism giving
rise to substructures is the same as the mechanism
causing core formation (i.e. hydromagnetic waves).
Substructures obtained in their simulation are in
good agreement to the observed substructures of core
D of TMC-1. Thus, the dynamical mechanisms like
hydromagnetic waves or turbulence can be consid-
ered as explaining sources for substructures in dense
cores, we must not neglect some non-dynamical pro-
cesses and instabilities such as thermal instability.
Many papers have been published on ther-
mal instability in partially ionized medium such as
molecular clouds (e.g. Gilden 1984, Birk 2000, Falle
et al. 2006, van Loo et al. 2007, Fukue and Ka-
maya 2007). Magnetic ¯eld is the inseparable part
of the interstellar medium, and it also permeates
partially in the molecular clouds. E®ect of mag-
netic ¯eld in evolution of molecular clouds is indi-
rect, because the magnetic ¯eld is threaded only to
the charged particles, and the ionization fraction is
small. This phenomenon causes ambipolar di®usion
of charged particles, so that the frictional drag force
between charged and neutral particles can heat the
medium (Scalo 1977). Since thermal instability is
sensitive to cooling and heating functions, consider-
ing of heating due to ambipolar di®usion leads to the
occurrence of thermal instability in some regions of
molecular clouds (Nejad-Asghar 2007). Also, Nejad-
Asghar and Molteni (2008) have recently investi-
gated thermal phases of a molecular cloud layer by a
simulation using two-°uid smoothed particle hydro-
dynamics (SPH). Their simulation con¯rms the re-
sults of linear investigation by Nejad-Asghar (2007).
They show that considering of heating due to am-
bipolar di®usion leads to the occurrence of thermal
instability and formation of condensations, in the
middle and outer parts of the layer.
In this research we want to simulate the e®ect
of heating due to ambipolar di®usion and occurence
of thermal instability in two-dimensional case. For
this purpose, we use a cylindrical molecular cloud
with axial magnetic ¯eld and consider azimuthal per-
turbations therein. The self-gravity is not included,
and the initial state has uniform density, tempera-
ture and magnetic ¯eld, which is parallel to the axis
of cylinder (in the z direction). In addition, all per-
turbed quantities are assumed to depend only on az-
imuth angle (µ) and time (t). We investigate the
evolution of these perturbations using two-°uid SPH
as outlined by Nejad-Asghar and Molteni (2008). In
Section 2, cooling of molecular clouds and heating
due to ambipolar di®usion are described, and the
numerical scheme is explained. Section 3 pertains
to the simulation experiments, in which the initial
setup of the cloud is discussed and the results pre-
sented. Finally, Section 4 is devoted to a summary
and conclusion.
2. GAS DYNAMICS AND
NUMERICAL METHOD
The molecular clouds, in reality, are very
weakly ionized. The ion density can be approximated
by the expression
½i = ²(½1=2
n + ²0½¡2
n ); (1)
which was used by Fiedler and Mouschovias (1992).
In standard ionized equilibrium state, one has
² » 7:5 £ 10¡15kg1=2m¡3=2 and ²0 » 4 £
10¡44kg5=2m¡15=2. In general, the ion velocity vi
and the neutral velocity vn in molecular clouds
should be determined by solving separate °uid equa-
tions for these species, including their coupling by
collision processes with collisional drag °AD » 3:5 £
1010m3kg¡1s¡1 (Shu 1992). The two °uids of ion
and neutral are decoupled with a drift velocity, ap-
proximately given by
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vd ´ vi ¡ vn ¼
1
¹0°AD½i½n
(r £ B) £ B; (2)
which is obtained in the assumption that for the
charged °uid component, all forces (pressure, grav-
itation, ...) are negligible compared to the Lorentz
and collisional drag forces, because of the low ioniza-
tion fraction (Shu 1992).
Determining the cooling rate for an optically
thick, dusty molecular medium is a complex non-
LTE radiative transfer problem. Here, we use the
parameterized cooling function as outlined by Gold-
smith (2001),
¤(n;T) = ¤(n)
µ
T
10K
¶¯(n)
; (3)
who computed the cooling e®ects of the molecular
depletion from the gas phase on grain surfaces in
dark clouds, and gave the value of parameters for
di®erent depletion runs. Nejad-Asghar (2007) ¯tted
a polynomial function for these parameters as follows
log
µ
¤(n)
J:kg¡1:s¡1
¶
=¡8:98 ¡ 0:87(log
n
n0
)
¡0:14(log
n
n0
)2; (4)
¯(n) = 3:07 ¡ 0:11(log
n
n0
) ¡ 0:13(log
n
n0
)2; (5)
where n0 = 1012m¡3.
There are several di®erent heating mecha-
nisms in the models of interstellar matter. In dense
molecular clouds, the most prominent one is heating
due to cosmic rays, which can be approximated as
¡CR ¼ 3:12 £ 10¡8 Jkg¡1s¡1 (e.g. Glassgold and
Langer 1973). Another important heating mecha-
nism in the dense molecular clouds is the heating
produced by the magnetic ion slip (ambipolar di®u-
sion), which was examined by Scalo (1977) for den-
sity dependence of the magnetic ¯eld in a fragment-
ing molecular cloud. The volumetric rate of ambipo-
lar di®usion heating is de¯ned in terms of the drag
force per unit volume fd = °AD½i½nvd, exerted be-
tween neutral and ion °uids. The general formula
for this volumetric heating rate is given by
¡AD =
fd:vd
½n
; (6)
where we use the approximation ½n+½i ¼ ½n. There-
fore, in this research, we apply the net cooling func-
tion ­(½;T),
­(½;T) ´ ¤(n)(
T
10K
)¯(n) ¡ (¡CR + ¡AD): (7)
We consider a cylindrical lightly ionized
molecular gas with purely axial magnetic ¯eld. The
cylinder is assumed to be in the radial hydrostatic
equilibrium, thus all variables are functions of az-
imuth µ and time t only (see Fig. 1). In this arrange,
the drift velocity (2) reduces to
vd = ¡
1
°AD½n½i
1
r
@
@µ
µ
B2
2¹0
¶
^ µ: (8)
In presenting by angular velocity ! ´ v=r, the SPH
form of drift velocity of ion particle a, as outlined by
Nejad-Asghar and Molteni (2008), is given by
!d;a =
1
°AD½n;a ra
[¡
1
2¹0½i;a
X
b
mb
½i;b
(B2
b ¡ B2
a)
£
dWab
dµa
¡ ½i;a
X
b
mb
½i;b
¦ab
dWab
dµa
] (9)
where ¦ab is the usual arti¯cial viscosity between ion
particles a and b. The neutral density in place of neu-
tral particles is estimated via usual summation over
neighboring neutral particles ½n;® =
P
¯ m¯W®¯,
while in place of ions, ½n;a, is given by interpolation
technique from the values of nearest neighbors. The
ion density is evaluated via Eq. (1) for both places
of ions and neutral particles.
-20 20
-20
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Fig. 1. Schematic diagram of SPH particle dis-
tributed in a cylindrical molecular cloud. Note that
some particles are picked out for clear representa-
tion. The black-arrows indicate the drift velocity of
ions moving from dense regions to the adjacent area.
The magnetic induction equation,
dB
dt
= ¡
1
r
@
@µ
(Bvd) ¡
@
@µ
(B!); (10)
and evolution of momentum,
d!
dt
= ¡
1
½r2
@
@µ
µ
p +
B2
2¹0
¶
; (11)
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can be transformed to the form of SPH, as follows
dBa
dt
=
X
b
mb
½i;b
Ba!ab
dWab
dµa
; (12)
d!®
dt
= ¡
1
r2
®
X
¯
m¯(
p®
½2
®
+
p¯
½2
¯
+¦®¯)
dW®¯
dµ®
+ _ !drag;®;
(13)
respectively, where _ !drag;® = °AD½i;®!d;® is the drag
acceleration exerted on neutrals due to ambipolar
di®usion of charged particles, and pressure is given
by the ideal gas equation of state p = (R=¹)½T.
The molecular cloud is assumed as global neutral
which consists of a mixture of atomic and molecu-
lar hydrogen (with mass fraction X), helium (with
mass fraction Y ), and traces of CO and other rare
molecules, thus, the mean molecular weight is given
by 1=¹ = X=2 + Y=4.
The ion momentum equation assumes instan-
taneous velocity update, so that we have
!a =
X
¯
m¯
½¯
!¯W®¯ + !d;a; (14)
where the ¯rst term on the right-hand side gives the
neutral velocity ¯eld at the ion particle a, calculated
using the standard SPH approximation. Finally, the
energy equation,
du
dt
= ¡
p
½
@v
@z
¡ ­(½;T); (15)
can be converted to the form of SPH, as follows
du®
dt
=
1
2
X
¯
m¯(
p®
½2
®
+
p¯
½2
¯
+ ¦®¯)!®¯
dW®¯
dµ®
¡ ­®:
(16)
3. SIMULATION EXPERIMENTS
The chosen physical scales for length and
time are [l] = 200AU, and [t] = 103yr, respec-
tively, so that velocity unit is approximately [v] =
1 kms¡1. The gravitational constant has dimensions
G = 1[m]¡1[l]3[t]¡2, and the calculated mass unit is
[m] = 4:5 £ 1029kg. Consequently, the derived phys-
ical scales for density and energy per unit mass are
[½] = 1:7 £ 10¡11kgm¡3 and [u] = 106Jkg¡1, respec-
tively. Specifying ¹0 = 1, therefore, scales the unit
of magnetic ¯eld to [B] = 5:1 nT. The simulations
assume a cylindrical molecular core with purely axial
magnetic ¯eld. The cylinder (with radius 0:02 pc) is
in the radial hydrostatic equilibrium as indicated in
Fig. 1. The initial condition for its uniform density
is chosen in the interval 109m¡3 to 1012m¡3. We
choose a molecular cloud which has mass fractions
of molecular hydrogen and helium X = 0:75 and
Y = 0:25, respectively, and has an initial uniform
temperature of T0 = 20K. The initial intensity of
axial uniform magnetic ¯eld is expressed by the ra-
tio of thermal to magnetic pressure ¯ ´ pgas=pmag.
We perturb the initial uniform-density system
by giving the particles an m = 2 azimuthal pertur-
bation, which has amplitude A = 10 percent. This
is achieved by changing the cylindrical azimuthal co-
ordinate µ of each particle to a value µ¤ given by
µ = µ¤ +
Asin(mµ¤)
m
: (17)
The magnetic ¯eld is also likely to be perturbed. For
simplicity, we assume that the perturbation does not
a®ect the shape of the ¯eld lines. We do, however,
adjust the ¯eld strengths of the particles to account
for the perturbation. This is achieved by assuming
the new ¯eld strength to be
B¤
z;0 = Bz;0
µ
½¤
i
½i
¶1=2
; (18)
where we have used the relationship between den-
sity and magnetic ¯eld strength given in Ciolek and
Mouschovias (1995), ½i is the initial ion density and
½¤
i is the perturbed ion density. Eq. (18) represents
a compromise between the two extreme possibilities,
namely (i) that the ¯eld is unperturbed and (ii) that
the ¯eld is perturbed as if it were frozen in the gas
perturbation.
In the ¯rst step, we consider a cylindrical
cloud with initial uniform density 5:6 £ 10¡4[½] and
without magnetic ¯eld (¯¡1 = 0). Simulation re-
veals that the exerted perturbations, on the basis
of Eq. (17), disappear over the time. The disap-
pearance time is comparable with the sound speed
crossing time-scale. This is the most logical inference
which is deduced from the balance of pressure di®er-
ence, and accurately con¯rms the result of simula-
tion. In the next step, the aforementioned cylindri-
cal cloud is magnetized by a uniform axial magnetic
¯eld with initial intensities equivalent to ¯¡1 = 2:5
and ¯¡1 = 10, respectively. The perturbation of
magnetic ¯eld is also evaluated on the basis of Eq.
(18). The initial drift velocity of SPH particles ver-
sus azimuthal angles are shown in Fig. 2a. Since
heating due to ambipolar di®usion is proportional
to the square of drift velocity, inclusion of magnetic
¯eld leads to heating the adjacent region of pertur-
bation, and transport of matter to the cooler per-
turbed regions. This is shown in Fig. 2b, in which
the temperature of SPH particles are depicted versus
the azimuthal angles, at di®erent simulation times.
As seen, temperature of particles around the per-
turbation increases so that the matter is, in isobaric
case, transferred to the low-temperature area.
Displacement of matter from one region to an-
other leads to density di®erences. Density contrast
is de¯ned as the di®erence between density maxima
and minima. Fig. 3 shows density contrast at simu-
lation time 20 [t] for three values of ¯. In the case of
¯¡1 = 0, the magnetic ¯eld is neglected and, as dis-
cussed previously, the balance of pressure di®erence
leads to the gradual disappearance of perturbations
64EVOLUTION OF DENSITY PERTURBATIONS IN MOLECULAR CLOUDS
so that the density contrast diminishes. Consider-
ing of magnetic ¯eld and ambipolar di®usion causes
the displacement of matter into perturbations so that
density contrast increases. Certainly, as shown in
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Fig. 2. (a) Initial drift velocity (in unit of [v]) for
two values of ratio of thermal to magnetic pressure
¯¡1 = 2:5 (crosses) and ¯¡1 = 10 (open circles).
(b) Temperature of the cloud versus its azimuth an-
gle at simulation times t = 0 (solid line), t = 10[t]
(crosses), and t = 20[t] (open circles) for ¯¡1 = 10.
Fig. 3, increase of density contrast oscillates along
with ampli¯cation of the amplitude. This phe-
nomenon clearly is caused by the advent of MHD
shock waves.
In view of the fact that heating due to am-
bipolar di®usion is inversely related to the local den-
sity of cloud, changing the initial density causes the
alternation of the density contrast. We performed
various experiments to investigate the evolution of
perturbations in a magnetized cylindrical cloud with
¯¡1 = 2:5, for initial uniform density from 109m¡3
to 1012m¡3. Maximum value of the relative den-
sity contrast, at simulation time 20 [t], is shown in
Fig. 4. The relative density contrast increases in a
special density. This increase can be explained by
the intensi¯cation of thermal instability occurring at
that special density.
4. SUMMARY AND CONCLUSION
In this paper, the e®ect of heating due to
ambipolar di®usion in evolution of ubiquitous per-
turbations in the molecular clouds was investigated.
We used the two-dimensional cylindrical cloud with
uniform initial density, which is in radial balance.
The azimuthal perturbations, with ten percent am-
plitude, were imposed on the density of cloud, and
their evolution was studied using two-°uid SPH tech-
nique. Without consideration of the magnetic ¯eld,
balance of pressure di®erence causes the vanishing of
perturbations over the time.
After applying uniform axial magnetic ¯eld
to the cylindrical cloud, ambipolar di®usion heating
leads to the increase of the temperature of the re-
gions adjacent to perturbation. Thus, matter is, in
the isobaric case, transferred to the cooler perturbed
regions. This process, which is physically realized
in oscillating case along with the ampli¯cation of the
amplitude, leads to the increase of di®erence between
density maxima and minima. This is shown in Fig. 3
as changing of density contrast.
We have simulated the evolution of perturba-
tions in various computer experiments with various
initial uniform densities. Results show that relative
density contrast will increase at a special density.
This increase can be justi¯ed by the intensi¯cation
of the instability mechanism. Increase of the rela-
tive density contrast at special density can be used
to explain the formation of small-scale substructures
in central and outer regions of molecular cores where
density reaches values of the order of 1011 m¡3.
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Fig. 3. Evolution of the density contrast (in unit of [½]) for three values of ratio of thermal to magnetic
pressure ¯.
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Fig. 4. Maximum value of the relative density contrast at simulation time t = 20[t] for di®erent initial
densities and with ¯¡1 = 2:5. The simulated results are depicted by crosses, and the dashed curve is the
B-spline ¯t on them.
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Originalni nauqni rad
Molekularni oblaci imaju hijerarhi-
jsku strukturu od gigantskih, vixe de-
setina parseka velikih, do malih proto-
zvezdanih jezgara veliqine jedne desetine
parseka. Danas su naxe posmatraqke tehnike
toliko napredovale da se mogu detekto-
vati podstrukture na malim skalama un-
utar jezgara molekularnih oblaka. Pitae
je kako su ta mala zguxea nastala. U
ovom istraivau je izuqavan efekat zagre-
vaa ambipolarnom difuzijom svuda prisut-
nih poremeaja u molekularnom oblaku i is-
traena je mogunost ihovog pretvaraa
u guste podstrukture. Za ovu svrhu, mali
azimutalni poremeaji primeeni su na
gustinu unutar osnosimetriqnih, dvodimen-
zionalnih cilindriqnih oblaka i ihova
evolucija je simulirana metodom dvofluidne
SPH (smoothed particle hydrodynamics). Nu-
meriqki eksperimenti pokazuju da ako se za-
grevae ambipolarnom difuzijom ne razma-
tra, poremeaji e se rasturiti sa prolaskom
vremena i gustina oblaka e biti homogenizo-
vana. Razmatrae zagrevaa za koje je odgo-
vorna ambipolarna difuzija dovodi do toga da
se materija u okolnim poremeajnim region-
ima zagreva i samim tim dolazi do transfera
materije u poremeenu oblast. Na ovaj naqin,
gustina poremeaja moe da raste. Rezultati
simulacija pokazuju da porast poqetnog mag-
netnog pritiska dovodi do intenziviraa raz-
like izmeu gustine u poremeenom medijumu
u odnosu na gustinu okoline (tj. do porasta
kontrasta gustine). Ovaj efekt je zasnovan na
direktnoj zavisnosti izmeu brzine drifta i
jaqine magnetnog po	a i egovog gradijenta.
Simulacije sa razliqitim poqetnim gusti-
nama pokazuju da je porast relativnog kon-
trasta gustine uoq	iviji u posebnoj gustini.
Ovaj rezultat moe biti objaxen intenzi-
fikacijom termalne nestabilnosti u posebnoj
gustini.
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